Introduction
Ray-finned fishes pose both an opportunity and a challenge for studies of the evolution of form and function in animals. With over 30,000 species (Near et al. 2012) , Actinopterygii is the most diverse group of vertebrates, and ray-finned fishes have adapted to occupy every available trophic niche in their aquatic environment. Moreover, the majority of these species employs the same feeding behavior, suction feeding, despite exhibiting a spectacular diversity of cranial morphologies (Westneat 2006) . Finding robust relationships between the form of a fish's cranial skeleton and its function during suction feeding has been a long-standing problem that has hampered our understanding of the diversity and evolution of actinopterygian fishes.
One of the primary tools in studying the functional morphology of fishes' skulls has been the modeling of skeletal elements as levers and linkages (Muller 1989; Westneat and Wainwright 1989; Wainwright et al. 2004; Hulsey and Garcia De Leon 2005; Anderson 2010 ). The cranial skeletons of bony fishes are quite complex, with over 60 bones and 30 moving elements. Not only do the skeletal elements themselves have intricate threedimensional (3D) morphologies, but during suction feeding the entire cranial skeleton undergoes massive 3D deformations as the mouth rapidly expands in all directions (Liem 1978) . A major research question has been how the shape and arrangement of the bones of the skull relate to their function in generating expansion of the mouth during suction feeding. Mechanical models provide a link between the shape and function of bones by quantifying how the bones act as gears or levers to amplify either the force or velocity of the muscles that are moving them. The ratio of output velocity to input velocity (or the ''leverage'') of a system can be calculated based on the morphology of the skeletal elements.
The leverage of simple skeletal-lever systems, in which a muscle acts to move just one bone relative to another, can be estimated readily. However, the bones in fishes' skulls are arranged in linkages such that the motion of a single muscle can move manyand often distant-bones. To understand the transmission of motion and leverage in these systems, four-bar linkages have been applied to simplify the connections (Anker 1974; Aerts and Verraes 1984) . The four-bar planar linkage is an engineering mechanism with a single degree of freedom (DOF), and consists of four pin-joints connected by four rigid bars that move in a single plane (e.g., Fig. 1B ). Assuming all links have a constant length, one link is fixed, and all motion is planar, the rotation of a single bar can be used to calculate the rotations of the remaining bars (Suh and Radcliffe 1978) . The ratio of the output rotation for a given input rotation, that is, the kinematic transmission ratio (KT), can be used to represent the leverage of a four-bar linkage. The KT ratio indicates how much the fourbar amplifies the initial velocity of the muscle that sets it in motion. KT can be calculated directly from the lengths of each bony link, thereby connecting skeletal shape to the amplification of velocity provided during suction feeding.
Because they provide a relatively simple relationship between skeletal shape and feeding function, four-bar linkages have been widely used not only in functional morphology, but also in studies of ecology, evolution, and development. Comparing four-bar leverage across species with different diets has been used to study the ecomorphology of various groups of fishes (e.g., Wainwright et al. 2004; Hulsey and Garcia De Leon 2005) . Examining the change in four-bar leverage across phylogenetic assemblies has been a tool for studying the evolution and diversification of suction feeding in fishes (e.g., Liem 1980; Westneat 2004 ). More recently, developmental studies have examined the genes controlling the lengths of individual links to study how changes in four-bar leverage can evolve (Hu and Albertson 2014) .
One of the most widely used four-bar models of suction feeding in fishes is the opercular linkage that has been proposed as a mechanism for depressing the jaw. The opercular linkage was initially proposed by Liem (1970) and later modeled as a four-bar linkage (Anker 1974; Barel 1977) to explain how rotation of the operculum could contribute to depression of the lower jaw and opening of the mouth (Fig. 1) . In this linkage model, as the operculum rotates dorsad, the suboperculum-interoperculum joint moves caudad. As a result, the interoperculomandibular ligament is put in tension and its attachment site on the articular process of the lower jaw, ventral to the quadratomandibular (i.e., jaw) joint, also moves caudad. Caudal motion of the articular process generates rotation of the lower jaw about the quadratomandibular joint, resulting in depression of the lower jaw. The motions of this linkage are all defined relative to the suspensorium, which forms the fixed link and the frame of reference. The initial motion (rotation of the operculum) is attributed to shortening of the levator operculi muscle, which spans from the neurocranium to the operculum. The opercular fourbar linkage is proposed to amplify velocity and displacement, so that a relatively small amount of shortening of the levator operculi muscle can generate substantial depression of the lower jaw. This linkage has been widely applied to studies of evolution and ecology (Lauder 1980; Liem 1980; Westneat 1995) , and development (Adriaens et al. 2001; Hu and Albertson 2014) to understand how changes in cranial morphology may influence the relative speed of jaw-depression, and therefore of performance in feeding.
However, the accuracy of four-bar models like the opercular linkage remains unknown. Four-bar models assume that the links have constant lengths and strictly planar motions, but many researchers have confirmed that the skulls of fish undergo non-planar motions during feeding, and many links that span multiple bones or muscles may change length. High-speed videos have been used to test the motions predicted by four-bar linkages in a few species (Westneat 1990 (Westneat , 1994 Durie and Turingan 2004) , although these data capture only the 2D kinematics of bones visible from the outside of the fishes. Accurate and precise 3D skeletal kinematics are needed to describe in vivo cranial motions and compare them to the predictions of four-bar models. Additionally, it has not been possible to measure skeletal motions relative to the fish's body, but instead the motion of one cranial bone has been Reevaluating cranial linkages in fishes 37 calculated relative to another cranial bone that is also moving. Lastly, the goal of four-bar linkage models is to explain how skeletal gearing amplifies the velocity or distance of muscle-shortening, but there are very few data on the actual shortening of muscles. These challenges can be overcome with a new method, XROMM, which already has proved valuable for studying the kinematics of fishes' skulls (Gidmark et al. 2012; . XROMM combines biplanar X-ray videos with 3D models of bone to reconstruct 3D skeletal kinematics during in vivo behaviors (Brainerd et al. 2010 ). For studies of suction feeding, XROMM allows us to measure the 3D motion of individual bones and create a body-reference plane that moves with the animal but is independent of motions of the skull during feeding. This body-plane already has been used to measure both elevation of the neurocranium and retraction of the pectoral girdle in largemouth bass . Both XROMM and fluoromicrometry, a technique for measuring the lengths of muscles from X-ray videos, have revealed that the epaxial and hypaxial muscles of the body shorten extensively in largemouth bass during the expansive phase of suction feeding, while the sternohyoid muscle lengthens. In this species, hypaxials are generating power for expansion of the mouth, and the sternohyoid muscle is acting like a ligament to transmit that power to the hyoid apparatus . These results suggest that, at least in largemouth bass, the cranial muscles may be transmitting and controlling the motion, whereas the power for suction feeding is generated by the axial muscles. Skeletal linkages, such as the opercular four-bar linkage, may function to transform power from the axial muscles into expansion of the mouth.
In this study, we use XROMM to examine the opercular linkage during suction feeding in largemouth bass (Micropterus salmoides). First, we measure the motions of the operculum and lower jaw relative to the suspensorium to test whether the opercular four-bar linkage accurately models these kinematics. Second, we determine if the levator operculi muscle is shortening, as predicted, to produce rotation of the operculum. Third, we examine the kinematics of the neurocranium, operculum, and lower jaw relative to a body-plane to determine how these skeletal elements move relative to a fishbound reference outside the head, rather than just relative to each other. Last, we interpret these results in the context of other work on largemouth bass to assess the relative roles of cranial and axial muscles in suction feeding.
Methods
We used XROMM to measure the skeletal kinematics of the opercular linkage during suction feeding in largemouth bass. XROMM combines biplanar X-ray videos with 3D models of each bone from computed tomography (CT) scans to accurately and precisely reconstruct skeletal morphology and motion in 3D. In marker-based XROMM (Brainerd et al. 2010 ), small radio-opaque markers (0.5-0.8 mm) are surgically implanted into the bones to track their motion. The motion captured by these markers is then applied to 3D models of the bones to animate the translations and rotations of each bone. From these animations, the six-DOF motions of each bone relative to any other bone or reference object can be extracted. Small radio-opaque markers can also be implanted into muscles to measure their changes in length with fluoromicrometry, a new method that is also based on biplanar X-ray video (Astley and Roberts 2012; .
Specimens
For this study we used three largemouth bass (Micropterus salmoides) with standard lengths of 307 mm, 287 mm, and 316 mm. Bass were obtained from Wiining Aquaculture in Gardner, MA, USA and housed at Brown University. All animal care and experimental procedures were approved by the Brown University IACUC (protocol# 1211035).
Surgical procedures
Each fish was anesthetized and surgically implanted with radio-opaque markers in the bones of the feeding apparatus and in the epaxial muscles (see for detailed methods). At least three small (0.5-0.8 mm diameter) tantalum markers per bone were implanted in the neurocranium and the left operculum, suspensorium, dentary, and interoperculum. Two markers (0.8 mm diameter) were implanted in the epaxial muscles to measure muscle-strain, and six markers were placed in a plane mid-sagittally below the first dorsal fin: three superficially (3 mm from the dorsal surface) and three deeply (10 mm from the dorsal surface). Together, these six markers formed a fish-based frame of reference, the body-plane, that moves with the fish but is independent from suction-feeding motions. Fish were given a postoperative antibiotic (Enrofloxacin) and analgesic (Butorphanol), and allowed one week to recover before the start of datacollection. All fish resumed normal feeding behavior within three days of surgery.
Collection of X-ray data (biplanar X-ray videography)
Fish were filmed feeding on live goldfish using highspeed, biplanar X-ray videography (see for detailed methods). The X-ray machines and cameras were aligned to capture roughly dorsoventral and lateral views of the fish (Fig. 2) , and videos were recorded at 300 (one individual) or 500 (two individuals) frames per second. Because water is quite radio-dense, all feeding events were filmed in a narrow (39 cm Â 9 cm; 18 cm deep) extension from an acrylic holding tank, which allowed us to minimize the amount of water. At least nine suction strikes were recorded from each individual, along with X-ray images of a standard grid and a standard object for calibration. These images were used to undistort and calibrate the X-ray videos (Brainerd et al. 2010 ).
Models of bones
After all filming was completed, we recorded CT scans of each fish to generate 3D mesh-models of each bone. Scans were taken with an Animage Fidex veterinary CT scanner, with a resolution of 0.17 mm/pixel. Polygonal-mesh models of each bone and its radio-opaque markers were then reconstructed in OsiriX version 3.9.2 (Pixmeo, Geneva, Switzerland) and smoothed in Geomagic 2013 (Research Triangle Park, NC, USA).
X-ray motion-analysis and XROMM animation
Tantalum markers were tracked with the XrayProject program (available from xromm.org) running in MATLAB 2013a (The Mathworks, Natick, MA, USA). X-ray images of grids were used to remove distortion of the videos introduced by the image intensifiers of the X-ray machines. X-ray images of an Approximately lateral-and dorsalview X-ray images were recorded of suction strikes and combined with 3D models of bones to re-create, with high accuracy and precision, the motion of each skeletal element. Additionally, a body-plane (outlined rectangle) was created from six mid-body markers and used as a fish-based reference object. The bones on the left side of the head were marked with radio-opaque beads and animated, providing this view of the medial side of those bones (note that the ceratohyal and urohyal are visible). (This figure is available in black and white in print and in color at Integrative and Comparative Biology online.)
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object with 32 steel markers were used to calibrate the 3D space imaged by the two X-ray videos. Markers in the bones and muscles were tracked in each video to calculate their XYZ coordinates. The precision of tracking markers can be measured as the mean of the standard deviation of the distance between pairs of co-osseous markers in each bone (Brainerd et al. 2010) . Because markers implanted in the same bone should always remain a constant distance from each other, any change in this intermarker distance is due to error. In this study, the mean marker-tracking precision was 0.11 mm across all pairs of markers. The XYZ coordinates of the bone markers were used to calculate the rigid-body transformations of each bone. By applying these transformations to the polygonal-mesh models of the bones, we created animations of the motion of all marked bones in Autodesk Maya (San Rafael, CA, USA) (Fig. 2,  Supplementary Movie 1) . The six markers of the body-plane were treated as a bone, and used to calculate the rigid-body transformations of the bodyplane. A polygonal plane was then animated in Maya with the rigid-body transformation based on the six markers (Fig. 2) .
For some bones, this marker-based animation was supplemented with Scientific Rotoscoping, in which the model of a bone is hand-aligned to match the X-ray image of that bone in both videos . Rotoscoping was used for bones that could only be implanted with one or two markers, or whose motion was not fully described by the marker-based animation.
Measurements of muscle strain
Changes in length of the muscles during the strike were measured either from the digitized XYZ coordinates of radio-opaque markers in the epaxials, or from XROMM animations. As described by , length of the epaxial muscle was measured with fluoromicrometry by calculating the change in distance between intramuscular markers. Epaxial length was measured from the level of the craniovertebral joint to the caudal edge of the first dorsal fin, a region previously shown to shorten during suction feeding in largemouth bass . Length of the levator operculi muscle was measured from the XROMM animations by measuring the change in distance between the attachment sites of this muscle on the models of the neurocranium and operculum during each strike. For both muscles, strain was calculated as the change in length relative to the mean initial length of the muscle.
Skeletal kinematics (joint coordinate systems and anatomical coordinate systems)
We created joint coordinate systems (JCSs) to measure the six DOF motions of skeletal elements in the XROMM animations. A JCS consists of two anatomical coordinate systems (ACSs), one attached to the proximal element and one to the distal element of a joint. The relative motion between these two ACSs then defines the six DOF motion at that JCS. We created JCSs to measure motion of the operculum and lower jaw relative to the suspensorium, and to measure the operculum, lower jaw, and neurocranium relative to the body-plane.
For the operculum, the ACS was placed at the operculohyomandibular joint (Fig. 3) . The Z-axis was oriented medio-laterally and the X-axis was oriented rostrocaudally, parallel to the long-axis of the neurocranium. The Y-axis was orthogonal to the Z-and X-axes, roughly parallel to the long (dorsoventral) axis of the operculum. The ACSs for the remaining bones had this same orientation (mediolateral Z-axis, dorsoventral Y-axis, and rostrocaudal X-axis), but were placed at their respective joints. The neurocranium ACS was placed at the caudal edge of the basioccipital, and the lower jaw ACS at the quadratomandibular joint.
For each bone, the ACS was duplicated to create a JCS that measured translations and rotations relative either to the proximal bone of the joint, or the bodyplane. For example, one JCS measured opercular motion relative to the suspensorium (Fig. 3A) and another measured opercular motion relative to the body-plane (Fig. 3B) . The body-plane provides a fish-based frame of reference that moves with the fish, but is largely independent of the motions of the expanding mouth. All JCSs follow the righthand rule, so, for example, positive Z-axis values indicate translation mediad to the fish's right and elevation or protraction (Table 1) . Euler angles are used to describe motions at JCSs, following a ZYX order of rotation.
We also measured translations of two anatomical landmarks on the lower jaw-the articular process and quadratomandibular joint-relative to the body-plane. The translations of each anatomical landmark were measured with a single ACS placed at the anteroventral edge of the body-plane, with the X-axis aligned to the long-axis of the bodyplane. The 3D translations of each landmark were recalculated relative to this ACS so that their motion could be measured along with the rostrocaudal (X), dorsoventral (Y), and mediolateral (Z) axes of the fish.
Measurements and modeling of the four-bar linkage
Lengths of each link and initial angles of the opercular four-bar linkage were measured and used to calculate the input and output angles of the linkage model. For each fish, a representative strike was chosen and lengths of each link were measured from a frame of the XROMM animation just before the onset of the strike. As shown in Fig. 1B , the links were defined as the distances between: the operculohyomandibular joint and the quadratomandibular joint (fixed link), the operculohyomandibular joint and the junction of the interoperculum and suboperculum (input link), the quadratomandibular joint and the insertion of the interoperculomandibular ligament on the articular (output link) and the junction of the interoperculum and suboperculum, and the insertion of the interoperculomandibular ligament on the articular (coupler link). The diagonal distance between the quadratomandibular joint and the junction of the interoperculum and suboperculum was also measured. These link-lengths follow the description of the opercular four-bar linkage by Liem (1980) and are given in Supplementary Table 1 . Given the lengths of all four links and the diagonal, the input angle (i.e., the angle between the fixed and input links) and output angle (i.e., the angle between the output and fixed links) could be calculated using the law of cosines (Supplementary Fig. 1 ). We chose these as our input and output angles because they best represent the biological input of rotation of the operculum and output of rotation of the lower jaw.
Using the measured link-lengths and the skeletal kinematics from XROMM, we calculated the rotation of the lower jaw predicted by the model for the observed opercular rotation. For each fish, the linkage model always began in the initial position in which link-lengths and initial input angle were measured (see previous paragraph). Then, for each strike the change in input angle was calculated at each timestep as the change in rotation of the Z-axis (retraction) of the operculum relative to the suspensorium. This change in input angle was added to the initial input angle and used to calculate the output angle. The change in output angle represents the change in rotation of the lower jaw about its Z-axis relative to the suspensorium, as predicted by the four-bar linkage model. For each strike, the predicted KT of this linkage was also calculated as the ratio of the change in output rotation to the change in input rotation. KT was also directly measured from the XROMM kinematics, by taking the ratio of the change in Zaxis rotation of the operculum and Z-axis rotation of Note: Because all JCSs had the same orientation, these definitions are the same for rotations measured relative to the suspensorium and relative to the body-plane.
the lower jaw from the first frame of the XROMM animation to the time of peak gape. For both the predicted and XROMM-based KT, the value of KT was not constant, but varied throughout the strike. Therefore, we used the value of KT at the time of peak gape (time zero) to allow a consistent comparison across all strikes. This method follows previous definitions of four-bar KT (Anker 1974; Westneat 1990) , and best represents the biological input and output rotations measured from XROMM animations for this formulation of the opercular four-bar linkage.
Analysis of data
The magnitude of lower-jaw depression, for a given amount of opercular rotation, was measured and compared to the values predicted by the planar opercular linkage model. Although skeletal kinematics were measured in all three dimensions, this study focuses on motion in the parasagittal plane, represented by rotations about the Z-axis and translations along the X-axis of our JCSs and ACSs. Peak motions of each bone were measured as the maximum or minimum (depending on the direction of motion) translations and rotations, relative to the initial value at the start of the recording. Time was calculated relative to peak gape to compare the timing of events relative to the opening of the mouth. Mean Z-axis rotations of the operculum and lower jaw were calculated from XROMM and compared to the predictions of the four-bar linkage model. Kinematic data were pooled across all individuals, and aligned to the time of peak gape (time zero). For each kinematic variable, the mean magnitude was calculated at each time-step, along with measurements of standard error. Mean peak retraction of the operculum, depression of the lower jaw (minimum Z-axis rotation for both), and mean peak depression of the lower jaw predicted by the four-bar linkage model were also calculated. Mean KT at the time of peak gape (time zero) across all strikes was calculated both from the XROMM animations and from the four-bar linkage model.
The motions of the operculum, lower jaw, and neurocranium were also measured relative to the bodyplane. Mean rotations about the Z-axis were calculated for each variable, as described above, along with the mean peak rotation about the Z-axis (maxima for the operculum and neurocranium; minimum for the lower jaw). Mean peak X-axis translations of the quadratomandibular joint and the articular process were calculated relative to the body-plane. Because the magnitude of these translations was highly variable across strikes, we expressed the translations for each as a percent of the maximum translation of the quadratomandibular joint for that strike.
Results
We used XROMM to measure motion of the bones of the opercular linkage relative to both the suspensorium and the body-plane. All bones, especially the operculum, exhibited substantial motion in all three dimensions during suction feeding. For example, at the operculohyomandibular joint and relative to the suspensorium, the operculum retracted (negative rotation about the Z-axis) and adducted (negative rotation about the X-axis) and closed in (positive rotation about the Y-axis) early in the strike leading up to peak gape, and then remained retracted while it adducted and flared out after peak gape (see Fig. 4 and Table 1 for definitions of the motions). As expected given its hemi-ball and socket shape, translations at the operculohyomandibular joint were small, less than 0.5 mm (Fig. 4C) . Even though bones are moving in all three dimensions, this study focuses on skeletal motion in the parasagittal plane, as that is what the opercular linkage model describes. Below, we report mean values pooled across individuals.
Skeletal kinematics relative to the suspensorium
As predicted by the opercular linkage model, measurements from XROMM animations confirmed that the operculum retracted and the lower jaw depressed, relative to the suspensorium, while the levator operculi muscle shortened (Fig. 5) . The levator operculi muscle shortened by a mean of 9.7 AE 1.26% and the operculum retracted by a mean of 12 AE 0.418 (AEstandard error) relative to the suspensorium. However, when the four-bar linkage model was used to predict depression of the lower jaw from the measured retraction of the operculum, the predicted depression of the lower jaw was substantially greater than the measured depression. The four-bar linkage predicted a mean peak depression of the lower jaw of À67 AE 3.28, whereas the measured value was a mean of À36 AE 1.28. The four-bar linkage also predicted that the ratio of opercular to lower-jaw rotation (KT) would be 5.7 at peak gape, which was almost two times larger than the measured mean KT of 3.0.
Skeletal kinematics relative to the body-plane
However, relative to the body-plane, the operculum remained relatively still as the neurocranium elevated and the lower jaw depressed ( Fig. 6; Supplementary  Movie 2) . In fact, rather than retracting, as it did relative to the suspensorium (Fig. 5) , the operculum protracts by 2 AE 0.848 relative to the body-plane. The rotations of the neurocranium and lower jaw relative to the body-plane were much greater, 12 AE 0.978 and À29 AE 1.68, respectively (Fig. 6) .
Relative to the body-plane, elevation of the neurocranium causes elevation of the suspensorium, which results in rostrad translation of the lower jaw. We measured the translations of two points on the lower jaw relative to the body-plane: the quadratomandibular joint between the lower jaw and suspensorium, and the articular process where the interoperculomandibular ligament attaches to the caudal end of the lower jaw (Fig. 1A) . Both the quadratomandibular joint and the articular process had positive and substantial X-axis (i.e., rostrad) translations relative to the body-plane. However, the rostrad translations of the quadratomandibular joint were greater than the rostrad translations of the articular process (Fig. 7) . The mean translation of the articular process was only 89 AE 2.1% of the maximum translation of the quadratomandibular joint. Thus, the quadratomandibular joint was pushed rostrad by the rotation of the neurocranium and suspensorium, and the relatively static position of the operculum reduced translation of the articular process via the interoperculomandibular ligament to produce ventrad rotation (depression) of the lower jaw.
Discussion

Accuracy of the opercular linkage model
The opercular four-bar linkage model predicts that contraction of the levator operculi muscle retracts the operculum by a small amount, and the opercular retraction is transmitted and amplified through the four-bar system to produce a relatively large amount of rotation of the lower jaw. When viewed from the perspective of this planar four-bar model, with opercular rotation measured relative to the suspensorium and in the plane of the suspensorium, XROMM data from largemouth bass support these predictions qualitatively, but not quantitatively (Fig. 5) . The levator operculi muscle shortens by nearly 10%, the operculum retracts by 128, and this opercular retraction is amplified three times to produce a depression of the lower jaw by 368 (KT ¼ 3). Thus, the qualitative predictions are met, but when the lengths of each link and measured opercular rotation were used in the four-bar linkage model, the predicted rotation of the lower jaw is nearly two times larger than the measured rotation of the lower jaw (Fig. 5) and results in KT ¼ 6.
This quantitative mismatch between modeled and measured depression of the lower jaw agrees with previous results based on 2D kinematics (Westneat 1990 (Westneat , 1994 , and is likely due, at least in part, to the large non-planar motions of the four-bar linkage that we observed in our XROMM animations. Only rotation of the operculum that occurs in the same plane as the lower jaw's rotation will be transmitted through the linkage to the lower jaw. The four-bar linkage model assumes that the operculum and lower jaw are always rotating in the same (sagittal) plane, and therefore all opercular rotation is transmitted through the linkage to the lower jaw. In fact, the operculum moves with three rotational DOF, relative to the suspensorium (Fig. 4) , and the lower jaw also flares out laterad, with the greatest flaring occurring around the time of peak gape (Supplementary Movie 1). This laterad motion of the operculum likely results from both direct shortening of the dilator operculi muscle, as well as indirect forces applied by motion of the suspensorium and hyoid apparatus and changes in the pressure and flow of water in the mouth cavity. These forces result in the operculum rotating out of the plane of the lower jaw and only transmitting part of its rotation to the lower jaw. Therefore, less jaw rotation is observed than would be predicted by the four-bar linkage, especially near the time of peak gape.
The qualitative match between the opercular fourbar model and our findings validates the fundamental concept of this model, and suggests that it might be reasonable to use the lengths of the four-bar links to compare KT values for closely-related fishes. The caveat is that the species must feed with similar 3D kinematics, so that the non-planar motions have similar effects on KT across all species. The actual KT values should not be trusted, but the relative KT values among closely-related species probably contain information about the relative speed and force of jaw-opening. In future studies, 3D skeletal kinematic data from XROMM could be used to develop, test, and validate 3D linkage models (Olsen and Westneat 2015) , with likely a better quantitative match between predictions and measurements. For example, a simulation program (linkR, Olsen, 2015) could be used to alter the four-bar model so that the operculum is the fixed link and the suspensorium is the input link. Although not the classic configuration for this four-bar linkage, setting the operculum as the fixed link would better match the in vivo condition and may improve the accuracy of the four-bar model's predictions.
Role of the levator operculi muscle
The qualitative match between model and measurements obscures a fundamental difference between the reality of the largemouth bass' feeding and the way the model portrays the source of muscular power driving the depression of the lower jaw. Implicit in the opercular four-bar linkage model is the expectation that the fixed link, the suspensorium, is relatively immobile, and that the levator operculi muscle powers the system by retracting the operculum relative to this immobile suspensorium (Fig. 1B) . In fact, in largemouth bass, the operculum remains relatively still in a fish-bound frame of reference (Fig. 6) . Rather than retraction of the operculum pulling on the articular process, it is elevation of the neurocranium and suspensorium, through the action of the epaxial muscles, that is pushing the jaw-joint forward (Supplementary Movie 2) . The relatively immobile operculum holds the articular process back via the interoperculomandibular ligament (Fig. 7) , allowing elevation of the neurocranium and suspensorium to produce ventrad rotation (depression) of the lower jaw. Thus, it is the epaxial muscles that are powering depression of the lower jaw through the opercular four-bar linkage in largemouth bass, not the levator operculi. Large regions of both epaxial and hypaxial muscles have already been shown to shorten during suction feeding in largemouth bass, powering elevation of the neurocranium and retraction of the pectoral girdle . The present study now demonstrates how power from the epaxial muscles is transmitted through the skull to generate mouth expansion.
Hence, what is the role of the levator operculi muscle in largemouth bass during suction feeding? The levator operculi muscle runs from the caudolateral aspect of the neurocranium to the dorsolateral aspect of the operculum, dorsal to the operculohyomandibular joint (Fig. 1A) . As the neurocranium and suspensorium rotate dorsad, they generate a rostrodorsad torque about the operculohyomandibular joint that causes the operculum to protract, relative to the body, due to soft-tissue connections between the operculum, preoperculum, and suspensorium. Contraction of the levator operculi generates a caudo-dorsad torque about the operculohyomandibular joint to prevent substantial opercular protraction, thereby holding the articular process back, via the interoperculomandibular ligament, and allowing the lower jaw to be depressed by the forward motion of the jaw-joint (Fig. 8) . The forward motion of the jaw-joint is powered by the epaxial muscles, but the levator operculi performs an essential role in stabilizing the operculum and transforming elevation of the neurocranium into depression of the lower jaw.
The action of the levator operculi muscle reinforces an emerging view of suction feeding in largemouth bass: cranial muscles contribute to the kinematics of mouth-expansion, but the axial muscles are powering suction feeding. Our prior work has shown that nearly all of the muscle power for suction feeding comes from epaxial and hypaxial muscles Camp et al. in prep) . The cranial muscles are simply too small to generate appreciable power, and many of them, such as the sternohyoid muscle, shorten too slowly to optimize the magnitude of power generated. The levator operculi is also quite small relative to the axial muscles, but it is the one cranial muscle that contracts at a near-optimal speed for the production of power. We now hypothesize that the power from the levator operculi goes into deformation of the soft tissues between the operculum, preoperculum, and suspensorium, making it possible for the operculum to resist being protracted by the motion of the suspensorium. The power from the levator operculi is small, less than 1% of the power required for the most powerful strikes, but its action is essential for the epaxial muscles to power depression of the lower jaw through the opercular four-bar linkage.
While this analysis has focused on the opercular four-bar linkage as a mechanism for depression of the lower jaw, power from the hypaxial muscles, transmitted through the hyoid, may also contribute to depression of the lower jaw in largemouth bass . We found previously that the sternohyoid muscle acts primarily as a ligament that transmits shortening of the hypaxial muscle to the hyoid, and therefore to the mandible through the mandibulohyoid ligament. This hypaxial-hyoid system works in parallel with, but occurs at a slight lag behind, the epaxial-opercular four-bar linkage . The skeletal kinematics and muscle-shortening of the hypaxialpectoral girdle-hyoid system in relation to the epaxial-opercular four-bar linkage system would be a productive next step for analysis by XROMM.
Concluding remarks
Studies of largemouth bass are revealing that the axial muscles generate the vast majority of the power for suction feeding, whereas the cranial muscles transmit that power from the body to the head and control the transformation of elevation of the neurocranium and retraction of the pectoral girdle into expansion of the entire mouth cavity. Two examples of this have now been described: the sternohyoid muscle transmitting hypaxial power through the pectoral girdle-hyoid system, and power from the levator operculi muscle enabling the epaxialopercular linkage system. These results suggest that the role of the cranial muscles during suction feeding may be to control, rather than to generate, feeding motions. Therefore, this function of cranial muscles may be crucial in allowing fish to co-opt power from the massive axial muscles to power suction feeding. Comparative studies of additional species are needed to determine if the mechanisms observed in largemouth bass are widespread among suction-feeding fishes. However, these findings provide a new perspective for studying the form-function relationships and evolution of suction feeding.
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